The use of nanowires and nanowire structures as photodetectors is an emerging research topic. Despite the large amount of reports on nanowire photoresponse that appeared in the literature over the last decade, the mechanism leading to high photosensitivity and photoconductive gain in high aspect ratio nanostructures has been elucidated only recently. Novel device architectures integrated in single nanowire devices are also being actively studied and developed. In this article, the general nanowire photodetector concepts are reviewed, together with a detailed description of the physical phenomena occurring in nanowire photoconductors and phototransistors, with some examples from recent experimental results obtained in our groups. An outlook on future directions toward the use of semiconductor nanowire photoconductors as intrachip interconnects, single-photon detectors, and image sensors, is also given.
INTRODUCTION
In the last decade, one-dimensional or quasi-onedimensional nanostructures (nanowires) have been widely researched as potential building blocks for nanoelectronic circuits. [1] [2] [3] Thanks to the ongoing advancement in the growth and fabrication methodologies, by means of either top-down or bottom-up approaches, nanowires (NWs) can be now realized out of a variety of functional materials (e.g., semiconductors, metals, superconductors) and in controlled manners. On the pathway to nanoscale integration, this opens up new opportunities toward understanding and utilizing the unique physical properties of these lowdimensional systems, such as their thermoelectric properties, quantum size effects, or enhanced biological and chemical sensitivity arising from the large surface to volume ratio. One of the most studied phenomena in NWs is their sensitivity to light (photoconductivity), which is emerging as a very promising NW application for photodetectors, photovoltaics, optical switches, optical interconnects, transceivers, and biological and chemical sensing. The scope of this paper is to review recent advances in the study of the photoconductive properties of NWs and NW structures, and to give a perspective on their potential as optoelectronic components, specifically as photodetectors. Even above the quantum confinement size-regime, NW photoconductors can yield higher light sensitivity than their bulk counterparts due to the large surface-to-volume ratio and small dimensions. Moreover, the possibility to integrate functionality in NW structures, such as homo-an hetero-junctions, within single NW devices or NW arrays, enables large scale integration (for optical interconnects, transceivers etc.). Thanks to the increasingly large amount of work that has been carried on in the field (hundreds of papers were published on this topic in the last decade), we believe that a deeper understanding of the NW photoconductive properties is now being achieved, and a review of NW photosensors based on material, optical, and charge transport properties will be beneficial to push fundamental research toward practical applications. We hope that a systematic comparison between state-of-the-art conventional photodetectors with NW photodetector structures could facilitate implementing new designs that gain full benefits from the unique photoconductive properties of NWs, also in view of their possible integration with CMOS technology. The paper is organized as follows: in Section 2 we will discuss the basic concepts of photoconductivity and photoconductive gain in NW photoconductors, putting in evidence some of the unique optical and photoconductive properties of NWs and NW arrays. We will also review some of the reports on photosensitivity in NW photoconductors grouped by material categories; in Section 3 we will present other NW photodetector concepts demonstrated in the literature, including photodiodes, phototransistors, and detectors based on superconducting or metallic NWs; finally, in Section 4, we will give an outlook on future directions in NW photodetector research, describing some possible applications such as optical intrachip interconnects, single-photon detectors, and image sensors. We provide examples from experimental results obtained in our groups to elucidate the concepts in each section.
NANOWIRE PHOTOCONDUCTORS
Photoconductivity is a well-known property of semiconductors in which the electrical conductivity changes (usually increases) due to the incident radiation. [4] [5] [6] Photoconductivity involves several successive or simultaneous mechanisms, namely absorption of the incident light, carrier photogeneration, and carrier transport (including carrier trapping, detrapping and recombination). The magnitude of the conductivity change induced by irradiation depends upon the number of carriers produced per absorbed photon (carrier generation quantum yield), and the mobility of photogenerated carriers. The duration of this change depends upon many factors, such as the lifetime of the carriers and the time for the carriers to encounter a trap. Therefore, photoconductivity is also a valuable probe for the electronic properties of semiconductors relating to the charge carrier mobility and lifetime. Furthermore, photoconductive semiconductors find a wide variety of applications in photodetectors and photovoltaic devices. The observation of high photoresponsivity in semiconductor NWs and recent advances in the understanding of the photoconduction mechanism in lowdimensional systems with a high density of surface states is attracting growing interest for the potential use of NWs as photosensing elements in highly integrated optoelectronic devices, hybrid organic-inorganic solar cells, optical interconnects, transceivers, etc. The basic concepts specifically related to photoconductivity in NWs, including light absorption, charge carrier photogeneration and trapping, are presented in the following.
Basic Photoconductivity Concepts
The intrinsic conductivity = A/Vcm] of a semiconductor in the dark is given by:
where e the electronic charge, n is the charge carrier density (for simplicity, it is assumed only one type of carriers) and is the carrier mobility, = cm 2 /Vs . In the presence of an applied electric field F = V /l ( F = V/cm , V is the voltage applied across a NW with length l, see Fig. 1 ), the current density is given by:
where v = F is the carrier drift velocity ( J = A/cm 2 v = cm/s ). Under illumination, a change in conductivity (photoconductivity) might occur either due to a change in the carrier concentration n (carrier photogeneration) or to a change in the carrier mobility :
In general:
where J PC is the photocurrent. Note that both, the mobility and the carrier density terms depend on time. semiconductors n and the time dependence of the mobility is negligible, therefore the expression for the photocurrent density reduces to the usual form:
Light Absorption
Understanding the optical properties of NW materials is of large importance for the optimization of NW-based optoelectronic devices such as photodetectors and photovoltaics. While the optical properties of NWs are strictly dependent upon the dielectric functions of bulk materials, additional effects arising from the NW geometry and the low dimensionality must also be considered. These include optical birefringence, light scattering, and waveguiding effects (light funneling), which will now be discussed in more detail.
Optical Birifringence and Light Polarization Effects
In general, the absorption properties of semiconducting NWs are strongly dependent on the polarization of the incident radiation. 7 8 The direct observation of such effects on the optical function is quite challenging. 9 10 Nevertheless, these effects are easily manifested in photoconductivity and photoluminescence measurements. The two major mechanisms responsible for this phenomenon are: (1) The modification of energy spectrum and optical matrix elements by size quantization of carriers; 11 12 (2) The dielectric confinement of the optical electric field due to the difference in the dielectric constants of the NW and the environment 0 . 7 8 13 While the first mechanism is significant only in very thin NWs (a < 10 nm, where a is the NW diameter), the relevance of the latter is dictated exclusively by the ratio of / 0 (typically / 0 > 10 , although it has to be treated differently whether the light wavelength exceeds the NW diameter or not. In the case of thin NWs (a < , i.e., a < 100 nm) it has been shown that the ratio of the absorption coefficient for light polarization parallel and perpendicular to the NW axis is given by:
due to the suppression of the perpendicular component of the electric field vector inside the wire. The factor in Eq. (6) exceeds 30 for most semiconductor NWs. For thicker NWs (or at higher light frequencies), a > , the nonuniform distribution of the field inside the wire must also be taken into account and the ratio of k /k ⊥ becomes strongly dependent upon frequency. At certain critical points, the electric field modes are purely transverse, leading to oscillations of k /k ⊥ from positive to negative. 8 The case of absorption polarization anisotropy of metallic NWs and semiconductor-core/metal-shell NWs has also been discussed in Refs. [7, 8] . In these structures, because of the absorption due to plasmon resonance which is strongly polarized perpendicular to the NW axis, there is a crossover from absorption of light with parallel polarization far below the plasmon frequency to absorption of light with perpendicular polarization near and above the plasmon frequency, changing the sign of the anisotropy. In semiconductor-core/metal-shell NWs, the absorption anisotropy can be tuned from that of semiconductor NWs to that of metallic NWs by varying shell thickness and light frequency. 13 Light polarization dependence of the photoconductivity has been experimentally observed in single NWs of a variety of material systems, including InP, 14 ZnO, 15 Si, 16 GaN, 17 p-Si/n-CdS and p-i-n-Si nano-avalanche photodiodes, 18 19 and InAs/InAsP axial heterojunction infrared photodetectors. 20 Anisotropy of the optical absorption results in photocurrent amplitudes varying as:
where is the light polarization angle respect to the principal NW axis. Strong dependence of optical absorption on light polarization is therefore to be expected also in ordered NW arrays, where NWs can be either aligned horizontally or vertically with respect to the substrate. Furthermore, similar to the well understood phenomenon of polarization memory in photoluminescence from optical anisotropic media, polarization dependence of the photocurrent upon selective excitation has also been observed in CdSe and CdTe NW meshes (i.e., collection of NWs randomly distributed between two electrodes), where the applied electric field dictates a preferential charge carrier transport direction. 21 
Light Scattering and Absorption Enhancement in Vertical NW Arrays
Enhanced light scattering is expected in NW structures, when the physical dimensions become comparable to or significantly smaller than the wavelength of the incident radiation. Because of the intrinsic anisotropy of NWs, enhanced light scattering can lead to interesting phenomena such as giant optical birefringence 23 or optical funneling. 24 25 Effective-medium models predict a significant reduction of the reflectance of vertical NW arrays over the entire spectral range, due to the low effective refractive index of the array of NWs surrounded by air (the NW array acts as a stepped-index antireflection coating). 24 26 However, for closely packed NW structures, the electromagnetic interaction between NWs cannot be neglected when evaluating their optical properties. Numeric calculations have shown that Si NW arrays approach total absorption of incident light at small wavelengths, 24 25 due to the confinement of the electromagnetic energy into the high refractive index NW volume (light funneling), thus outperforming their thin film counterparts. Figure 2 shows the results of numeric simulations of the optical absorption in 2D Si NW arrays, demonstrating that the percentage of photon energy within the NW volume can be significantly larger than the physical fill factor, especially at large pitches. 25 At longer wavelengths, however, the reduction of the Si extinction coefficient is not fully compensated by the decrease in reflectance, so that the physical fill factor of the NW array must be carefully designed in order to approach the overall absorption efficiency of its thin film counterpart. 24 Recently the optical properties of vertical arrays of InP, Si, and GaP NWs have been investigated experimentally. 26 It was found that, for typical NW diameters around 50 nm, diffuse multiple light scattering dominates the optical properties of the NW arrays, and that depending on the ratio between the absorption and scattering mean free path (the latter can be controlled by varying the NW diameter or by infiltration with refractive index matching materials), absorption losses can be strongly suppressed in the NW arrays. This has obvious implications for the design of efficient NW absorbers in NW-based photovoltaic cells, or in determining the spectral response of NW photodetectors.
Steady-State Photoconductivity
In the simplest scenario where direct carrier photogeneration is achieved by continuous linear optical excitation of an interband transition, light absorption is described by the Lambert-Beer's law:
where ( = cm −1 ) is the absorption coefficient, I 0 the illumination intensity ( I = W/cm 2 ) and z is the direction along which absorption occurs. A cylindrical NW, with diameter d and length l, is characterized by the geometrical parameters summarized in Table I , where A = 2A ∅ l/d. The average optical generation rate over the thickness of the NW would then be:
where P opt = I 0 A ( P opt = W is the incident optical power on the slab surface area and * = † is the effective carrier photogeneration quantum efficiency ( † accounts for the effects of light reflection, light scattering and low-dimensionality on the NW absorptionsee Section 2.3-and is the quantum efficiency-see below). Photoexcited carriers will eventually relax to the ground state with a characteristic lifetime . Therefore, at steady-state under constant illumination, the density of Table I . Geometrical parameters of cylindrical NW photoconductors.
Exposed surface area
Cross-sectional area Volume will be:
It follows that the photoconductivity (Eq. (3)) is given by:
The mobility-lifetime product is often taken as a figure of merit for photoconductors, indicating their sensitivity to photoexcitation. 6 By combining Eqs. (5) and (9), the total steady-state PC density in the NW, for a given photon energy, can be written as:
Equation (12) is easily generalized to the case where two types of charge carriers, e.g., electrons and holes with carrier density n and p, respectively, contribute to the photocurrent response across the area A ∅ ( I PC = A ):
We notice that, due to the cancellation of the geometrical terms describing the cylindrical photoconductor geometry, Eq. (13) coincides with the well-known expression for photocurrent in a bulk semiconductor slab. This would not be the case, for instance, in a cylindrical transverse photoconductor where the electrodes are arranged axially (refer also to core-shell NW structures in Section 3.1). In such structures, with a central electrode of radius r 0 and a peripheral electrode separated by a distance M, the photocurrent would be increased by a factor of 8/ ln M/r 0 compared to a planar photoconductor with comparable device size (i.e., l = 2M). 27 
Photoconductive Gain
The mechanism leading to high light sensitivity in photoconducting NWs has been recently discussed in Refs. [28] [29] [30] [31] [32] [33] [34] . Because of the large surface-to-volume ratio, NWs contain an extremely high density of surface states. Consequently, due to the pinning of the Fermi energy at the surface, NWs exhibit a depletion space charge layer which provides physical separation of electrons and holes and can lead to significantly enhanced photocarrier lifetime (persistent photoconductivity). Since the carrier distribution inside the NW is mainly determined by the surface potential and Fermi energy pinning, which strongly depend on the geometry of the wire, the dark-and photo-currents in NWs vary considerably with their size. Theoretical calculations for InP NWs have shown that small diameters (i.e., minimal band bending) result in full-depletion of the NWs, thus minimize the dark current (the predominant source of noise in photodetectors), while large diameters (i.e., appreciable band bending) increase the photoconductivity by hindering photogenerated carrier recombination. 29 Consistent results have been experimentally observed in GaN NWs with different diameters ranging from ∼50 to 500 nm, 28 as well as in SnO 2 NWs. 35 A schematic of surface state effects on band bending and photogenerated carrier separation in n-type NWs with different diameters is depicted in Figure 3 .
An alternative way to define the sensitivity of a photoconductor is in terms of the number of charge carriers which pass between the photoconductor electrodes per second (N el , N el = s −1 ) for each photon absorbed per second that creates an electron-hole pair (N ph , N ph = s −1 ). This ratio defines the photoconductive gain, G:
where P abs is the power absorbed in the photoconductor that results in the photogeneration of electron-hole pairs ( P abs = W . By combining Eqs. (14) and (12) one obtains:
where
is the carrier transit time ( Fig. 1 ). Semiconductor NWs show extremely high photoconductive gain due to a combination of the following: (1) the photocarrier lifetime is considerably prolonged due to charge separation promoted by surface states; (2) the carrier transit time is significantly reduced due to the high mobility achievable in high-quality, defect-free single crystal NWs combined with small interelectrode distances. 30 31 Physically, the process leading to photoconductive gain can be envisioned as follows: free electron-hole pairs are generated after photoexcitation. If the lifetime of a carrier is greater than its transit time, it will make several effective transits through the material between the contacts, provided that the contacts are ohmic and are able to replenish carriers drawn off at the opposite contact by the injection of an equivalent carrier. In effect, the free carrier continues to circulate until it is annihilated by either recombination or trapping. If both, electrons and holes contribute to the conductivity, then:
By using Eq. (16), the photocurrent (Eq. (13)) can also be written as:
A photoconductor with internal gain can be considered as an equivalent current amplifier, in which the bandwidth for a response time is B = 1/2 . The gain-bandwidth product of the photoconductor, therefore, is given by:
The achievement of photoconductive gain greater than unity requires the presence of ohmic contacts. From Eq. (16) it is evident that one way to increase the gain is to increase the applied voltage in order to decrease the carrier transit time. However, the maximum achievable value for the carrier transit time, hence for the gain, in the absence of traps would be limited by the dielectric relaxation time, d , of the photoconductor; [4] [5] [6] higher values for the gain and the gain-bandwidth product can be obtained in the presence of deep traps (i.e., below the Fermi level) or recombination centers, as those that are usually created by surface states in NW photoconductors. For example, in the case of minority carriers being deeply trapped and majority carriers being free to move and to be injected into the photoconductors from the ohmic contacts, it is possible to obtain t > d .
In our previous study on the photoconductivity of ZnO NWs, we have found that substantial photoconductive gain, as high as G ∼ 10 8 , could indeed be achieved in these nanostructures ( Fig. 4(a) ). Despite the slow relaxation time ( ∼ 10 s), the extremely high photoconductive gain resulted in gain-bandwidth products of GB > 10 GHz, as confirmed by the fast photocurrent response measured in the sub-nanosecond time domain (Fig. 4(b) ). 31 Recent analyses of photoconductivity in ZnO NWs have confirmed our results. 33 34 Moreover, ultrahigh photocurrent gain (G ∼ 10 5 has also been observed in m-axial GaN NWs, 32 although its origin was identified in the strong surface electric field present in GaN NWs that facilitates photogenerated charge separation, rather than on the effect localizing surface trap states. 28 32 All these studies indicate that the one-dimensional or quasi-one-dimensional geometry of NW photoconductors can consistently yield photoconductive gain at least three orders of magnitude larger than their thin film counterparts, as a result of the long photocarrier lifetimes. 32 33 Large photoconductive gain is achieved at the expense of dynamic response, although optimization of the electrode geometry to minimize carrier transit time can allow achieving simultaneously high sensitivity and large gain-bandwidth products. For comparison, typical response times and gain values of conventional and NW photodetectors are summarized in Table II . 36 37 2.5. Nanowire Photoconductor Materials NW photoconductors are the simplest configuration of NW-based photodetectors. Generally, single NWs or NW mashes (either randomly distributed, or aligned along a preferential direction) are dispersed horizontally on an insulating substrate, and external bias is applied between top metal electrodes. Upon illumination (with light impinging perpendicular to the NW axis) the electrical conductivity increases, thus providing light-sensing capabilities. The unique properties of individual NWs or vertical arrays of NW photoconductors, such as light polarization sensitivity, light absorption enhancement, and internal photoconductive gain, could be exploited for the realization of efficient and highly integrated devices such as optical switches, optical interconnects, or image sensors. Both the device geometry (as discussed in the previous section) and the intrinsic material properties (such as charge carrier density and mobility) play a fundamental role in determining the overall photoresponse of NW photoconductors. Here we will focus on the latter by briefly reviewing the properties of NW photoconductors based on material categories.
Group III-V Compounds
III-V compound semiconductors are among the most promising materials for NW photodetectors, due to their excellent transport properties, ease of doping, and the possibility to tune their optical absorption over a wide spectral range by alloy bandgap engineering. Nevertheless, reports on the photoconductive response of III-arsenide NWs are somehow lacking, [38] [39] [40] most likely due to the difficulty in obtaining intrinsic NW crystals (with low dark current) and to the strong effect of surface states which often causes full depletion of the NWs. One of the earliest reports of photodetection from a single InP NW appeared in year 2001, together with the observation of significant polarization anisotropy (see discussion in Section 3.2).
14 Studies on the photoconductivity of III-hydrides compound NWs have been focused primarily on their ultrafast photocarrier dynamics. [39] [40] [41] GaAs, AlGaAs and InGaAs NWs were studied by time-resolved terahertz spectroscopy, showing ultrafast charge carrier relaxation in the picosecond time domain. 39 40 More recently, fast (14 ps FWHM at 780 nm) photoconductive response has been demonstrated in an intersecting array of InP NW grown in a coplanar waveguide transmission line. 41 These studies have highlighted the potential of III-V compound semiconductor NWs for the fabrication of high-speed photodetectors. III-nitride based NWs have also been attracting increasingly more attention for ultraviolet photodetection, which could potentially be extended to the entire visible spectral region by alloying with InN. Similar to metal-oxide NWs, networked GaN NWs have shown strong sensitivity to the ambient conditions (air vs. vacuum) 42 and the existence of persistent photocurrents, 17 42 which advert to the importance of surface states (possibly originating from nitrogen vacancies) in forming deep-level traps. As pointed out earlier, surface states play a major role in determining the photocarrier lifetime, and ultimately the NW photoconductive response. As a result, the photocurrent density may strongly depend on NW diameter, as was observed in GaN NWs where, due to the presence of a surface depletion space charge layer, carrier lifetime is greatly prolonged in NWs with diameter larger than 100 nm (leading to persistent photoconductivity) while is significantly reduced in smaller diameter NWs due to enhanced surface recombination. 28 
Group IV
The Group IV semiconductors most commonly used in devices comprise of Si and Ge. Si has been the material of choice for visible light detection for many years due to its well known material properties and ease of fabrication in line with CMOS processing. Si NW based photoconductive devices have been fabricated through both chemical synthesis 16 43 44 and etch-back methods, 25 45 46 followed by standard lithographic processes. In most of the cases, these devices have shown large photoconductive gain which saturates at high irradiation intensities. 45 Typical rise and decay times in intrinsic NWs are less than 100 s, but they greatly increase with doping due to the formation of midgap states created by defects in the crystalline structure. 44 The photoresponse depends significantly on the device geometry and contacts; Schottky-like contacts to the NWs can lead to a spatial dependence of the photoresponse, with higher sensitivity near the contacts (see also Section 2.1). 16 Ge is widely used in bulk and thin film photodetectors, and is extremely valuable in detection of optical communication wavelength of 1550 nm. Surprisingly, sparse literature showed photoresponse from a dense array 47 or from individual 48 Ge NWs upon visible illumination only. From the available data, Ge NWs displayed photocurrent rise and decay kinetics with time constants much longer than bulk Ge, with multiple components ranging from sub-milliseconds to seconds. 47 48 
Group VI
Hystorically, Se has been one of the most studied photoconducting materials. After the discovery of photoconductivity in amorphous Se by Smith in 1873, 49 Se has found 50 51 which could potentially allow lowcost and large scale production of NWs on a variety of host substrates. Large photoconductive increase (up to ∼150 times) has been shown in trigonal Se NWs upon exposure to tungsten light, and the photoconductive response was found to saturate at high light intensities. 50 Photoactive Te NWs have also been studied in a multilayer Te NW/polyelectrolyte thin solid film. Extremely long rise and decay times of the photoconductance of about 40 s were also observed in this case, although retardation of charge transfer in the complementary polyelectrolyte layers was suspected to play a role. 51 
Group II-VI
II-VI semiconducting compounds (sulfides, selenides, and tellurides) are widely employed in optoelectronic applications due to their direct bandgap and a wide coverage of bandgap energies. Hg 1−x Cd x Te, for instance, is one of the most important semiconductor materials for infrared detection since its bandgap can vary monotonically over a wide spectral range, from the far-infrared to 1.5 eV. Wide bandgap II-VI materials, such as CdTe, ZnTe, CdSe, ZnSe, and CdS are typically used for visible light detection instead. A large variety of II-VI semiconductor NWs has been synthesized by different methods, and showed significant photoresponse in the infrared, visible, and ultraviolet spectral range. "Normally-on" infrared photodetectors have been realized by using electrochemically self-assembled CdS and ZnSe NWs electrodeposited in porous alumina. In these devices, the NW resistance abnormally increased up to two orders of magnitude upon exposure to infrared radiation (negative photoreponse), most likely due to photoinduced electron trapping from the semiconductor NWs to the surrounding alumina. 52 CdS NWs and nanobelts are among the most studied photoconductors in group II-VI for visible and ultraviolet light detection. 53 Similar to the case of metaloxide NWs, the photoresponse of CdS low-dimensional structures is strongly affected by surface oxygen photochemistry, which can significantly alter the photocarrier relaxation dynamics. 30 54-56 The quantitative measurement of the electron and hole mobility-lifetime products of CdS NWs using scanning photocurrent microscopy has also provided experimental evidence that carrier lifetime is increased in NWs compared to the bulk material. 57 58 The photoconductive properties of CdSe NWs have also been reported. The large spontaneous polarization of CdSe, combined with the highly anisotropic shape of NWs, results in permanent dipole moments that have been exploited for dielectrophoretic alignment of these structures into NW photodetectors. 59 Metal-CdSe-metal NW structures have also been assembled by a template growth method, which showed significant photosensitivity upon white light illumination. 60 Long rise and decay times of the photocurrent (of ∼1 s and ∼200 s, respectively) were also observed in this case. As already mentioned in Section 2.2, strong light polarization sensitivity in group II-VI NWs has been observed not only in ordered ensembles of CdSe NWs, 59 but also in random networks of CdSe and CdTe NWs. 21 22 Both single ZnSe NWs 61 and arrays of free-standing ZnSe NWs 62 were studied as visible light detectors. An extremely high responsivity, greater than 20 A/W at 400 nm excitation wavelength, was obtained from the single NW device. In both cases, the photocurrent showed persistent behavior with slow relaxation components attributed to the presence of deep traps. 61 62 
Metal Oxides
Metal-oxide NWs are an extremely important class of photoconductors. Due to their wide bandgap, metal-oxide NWs are attracting a lot of attention for the realization of transparent conducting electrodes and UV photodetectors. Furthermore, the strong influence of surface chemistry on the conductive and photoconductive properties of metaloxide NWs makes them especially suitable for gas and chemical sensing.
A combination of ease of synthesis and attractive optical, mechanical, and magnetic properties makes ZnO one of the most interesting NW materials; photoconductivity is arguably the most studied of ZnO NW properties. Due to the wide bandgap (E g = 3 34 eV at room temperature), ZnO NWs may find application in visible-blind UV photodetectors. Additionally, the presence of oxygen vacancies sometimes results in deep level donor states manifested in a "green" photoluminescence and photoconductivity band, which may be exploited to extend the spectral sensitivity of ZnO to the visible range. 15 63-65 Both, single NW or NW bundles, and vertical NW array ZnO photodetectors have been extensively investigated. In one of the earliest reports on single ZnO NW photodetectors, high photoconductive response (4 to 6 orders of magnitude decrease in resistivity) has been observed upon exposure to UV light (365 nm), 66 with extremely long photocurrent relaxation times (of the order of seconds), related to carrier trapping. Indeed, the material quality (i.e., the density of defect states) was found to have a significant impact on photocarrier lifetime and photoresponse speed. 67 It is known that photoconduction in ZnO NWs is governed by a chargetrapping mechanism mediated by oxygen adsorption and desorption at the surface (Fig. 5(a) ): 15 31 68-76 in the dark, oxygen molecules are adsorbed on the oxide surface and capture the free electrons present in the n-type oxide semiconductor, and a low-conductivity depletion layer is formed near the surface: Upon illumination at photon energies above E g , electron-hole pairs are photogenerated [h → e − + h + ]; holes migrate to the surface along the potential slope produced by band bending and discharge the negatively charged adsorbed oxygen ions, and consequently oxygen is photo-desorbed from the surface:
The unpaired electrons are either collected at the cathode or recombine with holes generated when oxygen molecules are re-adsorbed and ionized at the surface. By prolonging the photocarrier lifetime, this mechanism further enhances the NW photoresponse and leads to extremely high photoconductive gain (Section 2.4). This also causes saturation of the photoresponse at high illumination intensity due to the reduction of the number of available holetraps and consequently to the shortening of the carrier lifetime. 31 The pronounced effect of surface oxygen photochemistry on the photoconductivity of ZnO NWs has potential application in gas sensing. Typically, the photoconductance decreases with increasing oxygen pressure (due to the increased depletion of electrons in the NW) and increases with increasing temperature (due to increased oxygen desorption). 31 68 69 73 74 77 78 The strong influence of the environmental conditions (ambient air and vacuum) on the photoconductivity of one of our ZnO NW devices is illustrated in Figure 5(b) .
Vertical ZnO NW arrays allow larger surface coverage and high NW density, thus larger photocurrent signals. NWs are typically grown from a ZnO buffer layer (which serves as a first electrode) deposited on a substrate (such as glass, sapphire or Si) by chemical vapor deposition [78] [79] [80] [81] or solvothermal 77 methods. NWs can then be covered by a top ZnO layer 78 or infiltrated with a filling material (such as spin-on-glass) 80 to allow deposition of the top electrode without shortage. Alternative fabrication procedures such as flip-chip, 79 microfluidic pattering, 82 or NW growth in the channels of anodized alumina membranes, 83 have also been explored. The latter in particular has allowed studying the effects of the interaction of ZnO NWs with the surrounding alumina layer: negative photoconductance was observed in pristine samples due to photogenerated electron tunneling to the alumina (which is known to provide electron trapping states), which could be reverted to positive photoconductance by reducing the alumina impurity level by thermal annealing in Ar gas.
Besides ZnO, a variety of other metal-oxide NW photoconductors have also been investigated, among which are gallium, tin, indium, cadmium, and vanadium oxides. Ultra-wide bandgap gallium oxide NWs, such as -Ga 2 O 3 (E g = 4.2-4.9 eV), 84 or zinc-gallate, ZnGa 2 O 4 , NWs (E g = 4.4-4.7 eV), 85 are of great technological interest for the development of visible-blind photodetectors. These materials were recently synthesised in the form of NWs and their UV photoresponse has been charachterized. 84 85 NW photodetector responded selectively to UV radiation and, in the case of zinc-gallate NWs, the photoresponse was strongly dependent on oxygen chemisorption. SnO 2 NWs (E g = 3.6 eV) are also used as UV photodetectors. 35 86 87 Similar to the other metal-oxides, the surface photochemistry affects the intrinsic conductance of SnO 2 NWs, and results in extremely long (up to 300 s) photocarrier lifetimes, which strongly depend on NW diameter 35 and ambient conditions. 76 increase in conductance upon exposure to UV light. Interestingly, a phonon-assisted sub-gap photocurrent was also detected with illumination at photon energy of ∼3.4 eV in this case. 88 Photoresponse via excitation of the indirect bandgap was also observed in CdO NWs (E d g = 2 27 eV, E i g = 0 55 eV), which was used for detection of infrared radiation; in this case the photoconductance was suppressed by exposing the NW detector to NO 2 gas diluted in Ar. 89 V 2 O 5 NWs showed a weakly temperature-dependent persistent photocurrent upon exposure to white light, that was interpreted in terms of hopping-mediated transport. 90 
NANOWIRE PHOTODETECTORS
Apart from NW photoconductors, in which the photoconductive gain mechanism is inherently present due to the large surface to volume ratio, other one-dimensional or quasi-one-dimensional photodetector structures based on semiconducting, superconducting or metallic NWs, are being actively investigated for efficient conversion of optical to electrical signals. Conventional photodetector concepts and architectures (e.g., semiconductor p-n or p-i-n photodiodes) are being replicated in NW structures, where homo-and hetero-junctions are either formed directly during the NW growth (bottom-up approach), or prior to the NW fabrication (top-down approach), to create highly sensitive photodetectors with potential for denser integration, higher specificity, and responsive to light polarization. Additionally, novel concepts arising from the large surface to volume ratio (e.g., in NW phototransistors) or from the small NW dimensionality (e.g., in metal and superconductor photodetectors) are proposed to enhance photosensitivity, and ultimately reach single-photon detectivity. Some of the principal NW photodetector concepts demonstrated in the literature are reviewed in the following.
Photodiodes
NWs offer a variety of opportunities to form photodiode architectures, including Schottky metal-semiconductor junctions and homo-or hetero-junction devices formed either axially along the NW (Fig. 6(a) ), or radially by conformal NW coating (core-shell junctions, Fig. 6(b) ). Moreover, the possibility to create "crossed" (Fig. 6(c) ) and "branched" NW junctions, 91 or to directly grow vertical NW arrays on a variety of substrates ( Fig. 6(d) ) largely enriches the sample of device architectures and material combinations available for the realization of NW photodetectors. 92 It is worth noticing that, depending whether illumination is perpendicular (Figs. 6(a, d) ) or parallel (Figs. 6(b, c) ) to the junction plane, the boundary conditions for the continuity equation describing carrier diffusion across the junction at steady-state will vary considerably. 93 Furthermore, in the case of light impingement parallel to the junction plane the effects of nonuniform absorption across the junction should also be considered.
Recently, a lot of interest has arisen for NW photodiodes operated in photovoltaic mode for solar power conversion. 94 95 These include single Si NW homojunctions 96 (either axial 97 98 or radial 99 ), vertical NW array homo-and hetero-junctions (such as n-Si NWs/p-Si substrate, 100 p-Si NWs/n-amorphous-Si, 101 or p-GaN NWs/n-Si substrate 102 ), and vertical NW arrays of core/ shell homo-and hetero-junctions (such as n-core/p-shell GaAs NWs on n-GaAs substrate 103 or ZnO-core/ZnSe-shell NWs on transparent conductive oxide substrate 104 ). For the sake of brevity, studies specifically aimed at photovoltaic applications will not be discussed here, whereas the reader is referred to the literature referenced above. Nevertheless, we will review in more details the major NW photodiode structures used for photodetector applications, including p-n and p-i-n photodiodes, Schottky diodes, and other heterojunction devices.
Homogeneous and Heterogeneous Junctions
Both homo-and hetero-junction single NW photodiodes ( Fig. 6(a) ) have been demonstrated. For instance, UV photodetectors based on single GaN NWs including axial p-n homojunctions have shown rectifying behavior, relatively fast photoresponse, and a photoconductive increase of about 14 under 0.03 V reverse bias. 105 Similarly, IR photodetectors based on single NWs including InAs/InAsP axial heterojunctions operated at 77 K exhibited very low dark current (due to the conduction band offset formed at the NW heterointerface), strong polarization dependence, and a combined contribution to the photoconductive response from the InAs portion (with onset around 0.5 eV) and from the InAsP portion (with tunable onset from 0.65 to 0.82 eV depending on the phosphorous content). 20 As previously mentioned, core-shell NW junctions (Fig. 6(b) 95 and demonstrated 104 to promote charge carrier separation, improve the photosensitivity and additionally enhance the spectral response.
Photodetectors based on heterogeneous junctions formed by vertical NW arrays with their growth substrates (Fig. 6(c) ) have also been investigated, where large NW densities are desirable to increase the photoactive area and thus enhance the photoconductive response. In particular, due to the ease of fabrication by a variety of methods, including chemical vapor deposition, 106 107 solvothermal methods, 108 or magnetron sputtering, 109 a substantial amount of work has been dedicated to heterojunction photodetectors made of ZnO NWs on doped Si substrates. In these structures, depending on the density of the NW network, the top electrode can be either deposited directly onto the NW layer or a transparent filling material such as spin-on-glass or an inert polymer can be used to reduce leakage current. Intrinsically-doped, n-type ZnO NWs have been grown on both, p-type or n-type Si substrates, where the dependence of the dark current on applied bias is found to resemble the ideal relationship for heterojunctions, with typical rectifying behavior:
where I s is the saturation current and the other symbols have their usual meaning. In the case of the n-ZnO NW/p-Si heterojunction, photoconductivity studies performed under UV light illumination and reverse bias have shown responsivity of ∼0.07 A/W at −20 V applied bias, 106 with fast and slow components of the photocarrier dynamics of the order of ∼300 ms and few minutes, respectively. 108 Interestingly, in the case of n-ZnO NW/n-Si heterojunction, the spectral sensitivity could be tuned from the visible to the ultraviolet spectral regions by applying forward or reverse bias to the device, by controlling the band-offset at the heterointerface and by selectively collecting photocarriers that are generated in the Si substrate, or in the ZnO NWs, respectively. 109 Recent advances in the direct heteroepitaxial growth of III-V NWs on Si will also open up new opportunities for vertical NW array photodetectors and photovoltaics. [110] [111] [112] One of the most interesting cases of NW photodetectors is given by avalanche photodiodes (APDs), where operation at large reverse bias allows each photogenerated carrier to be multiplied by avalanche breakdown caused by band-to-band carrier impact ionization. Carrier multiplication results in internal gain within the photodiode, which increases the effective responsivity of the device. The figure of merit for this process is the multiplication factor (or gain) M, which indicates the average number of carriers produced from the initial photocarriers:
where is the average number of ionization events per electron transit, and and are the field-dependent ionization rates for electrons and for holes, respectively. So far, NW APDs have been demonstrated in two different configurations, namely a "crossed" n-CdS/p-Si NW heterojunction ( Fig. 6(d) ), 18 and an axial p-i-n single Si NW homojunction (Fig. 6(a) ). 19 In the case of the n-CdS/p-Si "crossed" avalanche photodiode, a photocurrent increase (I PC /I dark of ∼10 4 times higher than in individual n-CdS or p-Si NW photoconductors has been observed due to avalanche multiplication at the p-n crossed NW junction, with multiplication factors as high as M = 7 × 10 4 . Polarization dependence of the photoresponse has also been observed in the "crossed" structure, due to the predominant optical absorption in the CdS NW, as verified by spectral measurements. A detection limit of about 75 photons was estimated for these devices. 18 Very similar results (namely polarization sensitivity, high spatial resolution, and high sensitivity) were obtained in the case of the axial p-i-n Si NW APD, where complementary doping within a single NW was used instead of the assembly of two distinctly doped NWs. A maximum multiplication factor of M = 40 was derived in this case. Interestingly, multiplication factors for electron and hole injections could also be isolated, indicating that the multiplication factor for electrons (M n < 100 was larger than that for holes (M p < 20 due to larger electron ionization rate ( > . 19 
Schottky Junctions
Metal-semiconductor junctions can be used as photodiodes where both, the electrons photoexcited in the metal and the electron-hole pairs photogenerated in the semiconductor can contribute to the photocurrent. One of the advantages of Schottky photodiodes is the fast response speed, due to the high electric field (thus the short carrier transit time) across the junction under reverse bias. The current in an ideal Schottky diode is still given by Eq. (21), with the reverse bias saturation current given by:
where A * is Richardson's constant, and b the Schottky barrier height. To account for the deviation from the ideal behavior, Eq. (21) in which V th is the forward-bias threshold voltage, and n the ideality factor. When the current is dominated by thermionic emission over the Schottky barrier n = 1. The effects of Schottky barriers at the metalsemiconductor interface are often encountered in the literature of semiconductor NWs. In particular, scanning photocurrent microscopy (SPCM) has proven a valuable tool for the investigation of these effects in NW photodetectors. In SPCM experiments conducted on Si, 16 CdS, 58 115 and CdSe, 116 NWs, photocurrent-voltage characteristics were typically asymmetric and, depending on the biasing conditions, photocurrent could be strongly localized near the metal electrode-NW contact. This technique is very effective to investigate the mechanisms of photoconduction at the nanoscale, such as mapping the electronic band profile along the NW axis 16 116 or determining the carrier mobility-lifetime products. 58 Despite the good understanding of metal-semiconductor junctions in NW devices, the intentional fabrication of Schottky photodiodes has been rarely pursued in materials other than ZnO NWs and nanobelts. Nobel metals such as Au, Ag and Pd tend to form Schottky contacts with n-ZnO, therefore two-terminal NW devices with symmetric contacts made of these metals usually behave as back-to-back Schottky diodes, and are responsive to UV illumination. [117] [118] [119] [120] Ideality factors of ZnO NW Schottky photodiodes extracted by using Eq. (24) are often considerably larger than unity, due to the influence of both interface and surface states. 121 122 However, an almost ideal Pt/ZnO NW Schottky junction photodiode could also be demonstrated. 123 In this study, the I-V characteristic in the dark was well described by the thermionic emission model ((Eqs. (23) and (24)), and the diode had an excellent ideality factor of n =1.1 at room temperature and very low reverse current. Interestingly, under UV illumination the device showed strong photoresponse, and the I-V characteristic became linear. The transition from rectifying to ohmic behavior was attributed to the lowering of the potential barrier between the Schottky contact and the ZnO NW under illumination. A similar behavior had been previously observed in a mesh of ZnO NWs contacted between two Au electrodes, where the transition from Schottky to ohmic behavior was observed exclusively upon illumination with photon energy above the ZnO bandgap. 124 The large difference in the photocurrent relaxation times observed in these two cases ( < 33 ms vs. > 10 4 ) was ascribed to bulk-dominated rather than surface-dominated transport.
Phototransistors
A phototransistor is a bipolar or unipolar transistor where light can reach the base, creating optically generated carriers. This modulates the base-collector junction resulting in an amplified current through transistor action, which can lead to much greater photosensitivity. As discussed in the following, such structures have been successfully implemented in NW architectures. Typically, NW fieldeffect transistors have been fabricated dispersing NWs on a dielectric-semiconductor substrate. 17 48 70 76 88 125 or by patterning NWs through conventional lithographic methods. 45 46 126 127 Subsequently, a gate bias is applied through a lithographically patterned top gate, or a back gate. Sensitivity even down to a single charge carrier has been demonstrated using a double gated Si NW phototransistor. 127 This was achieved by a very narrow gate which acted as a trap for one carrier species. When light is illuminating the device, only a few carriers are trapped under the gate, and their recombination could be sensed through a sudden abrupt decrease in conductivity.
In the case of these field effect transistor photodetectors, an electrical gate bias is used to modulate the lateral field across the NW. However, a similar effect is also present in NW photoconductors in which surface states give rise to a radial electric field. As discussed in Section 2.4, this causes the separation of photogenerated carriers in the NW channel, which greatly extends the carrier recombination lifetime leading to a much higher sensitivity. Thus, NW photoconductors can be viewed as phototransistors where the internal field arising from the large density of surface states in conjunction with light illumination act as a photogate. Depending on the NW material, band bending can be caused by different surface mechanisms, such as the presence of a strong surface electric (as in GaN NWs) 28 32 or the presence of deep trap states (for instance oxygenrelated hole traps in ZnO NWs or surface states in Ge NWs). 31 48 In order to clarify these points, we studied the photoconduction mechanism in Si NWs, finding that the phototransistive gain mechanism is also trap related. 25 In our experiments, p-type doped Si NW planar arrays fabricated by conventional photolithography and thermal oxidation ( Fig. 7(a)) showed gain values of G > 3 5 × 10 4 at low light intensities (Fig. 7(b) ).
Due to the large number of surface states, the Si NWs in the dark are fully depleted of majority carriers, which are trapped at the surface. When light is absorbed by the NW, the minority carriers are swept to the surface where they recombine with the majority carriers. The remaining majority carriers continue to contribute to the photocurrent until they are captured at the surface. Thus we find that the gain of the device is governed by the majority carrier capture time rather than the minority carrier lifetime of photoconductors. Quantitatively, this can be described as follows. The average total current in a single NW detector considered as a two carrier system is given by:
where I is the average total DC current (photocurrent and dark current), e is the electron charge, p f and n are the average number of free holes and electrons in the NW respectively, and h and t are the hole and electron transit times respectively. We can also write the rate equations for the average free holes, electrons, and trapped holes, p t including photogenerated carriers as:
Here c , e and n are the average capture time for holes, escape time for holes, and capture time for electrons at the surface respectively, g th is the thermal generation rate, * P opt / is the photon absorption rate, and g tot is the total carrier generation rate. In the case of Si NW phototransistors, we can neglect the escape of electrons from surface states, as any captured electron will immediately recombine with one of the large number of captured holes. This is reflected in Eq. (27) as a decrease of trapped holes due to electron capture. Let us first look at the DC current characteristics by finding the steady state solution to these equations
Solving for each carrier in Eqs. (26) and (27) , and inserting into the total current Eq. (25) (29) assuming that the capture time for an electron is much faster than that for a hole ( n c due to the large number of holes already trapped at the surface. Thus, the electron contribution to the current is negligible due to its fast trapping time. The first term p t / e is the background contribution to the current due to trapped hole emission from surface states, which is related to the p-doping concentration in the NW while the second term g tot is the contribution from thermal and photo generation in the NW. All these contributions experience a DC gain of G PT = c / h . This phototransistive gain term is very similar to the photoconductive gain in Eq. (15), with the exception that now the majority carrier (hole) capture lifetime c instead of the minority carrier recombination lifetime determines the photoconductive gain.
Superconductor Nanowire Photodetectors
Another photodetetector concept that makes use of the unique geometrical properties of NWs is that of superconducting NW photodetectors. So far, demonstrations of this concept have been focused on NbN NWs (with typical dimensions of ∼5 nm thickness and 50-200 nm width), which ultimately yield single photon sensitivity with GHz counting rate and high detection efficiency. [128] [129] [130] [131] [132] [133] Research is also undergoing to identify other suitable supeconducting materials, such as MoRe. 134 The working principles of superconducting NW detectors relies on the fact that the superconducting energy gap of a superconductor (2 ) is two to three orders of magnitude lower than in a semiconductor, thus photon absorption in a superconducting detector creates an avalanche electron charge two to three orders of magnitude higher for the same photon energy. The absorption of a photon with energy 2 creates a local nonequilibrium perturbation with a large number of excited hot electrons, which increases the average electron temperature above T c and results in the formation of a hotspot-a local nonsuperconducting region. The size of the resistive region grows as hot electrons diffuse out of the hotspot, and a non-superconducting barrier is formed across the entire width of the device (hence the need for NW geometry with narrow width). Ultimately, this results in a photosensitive I-V characteristic. 128 counters with GHz repetition rate are achievable by this method, 128 129 133 whose operation can extend from the visible to the infrared spectral region. 134 135 After the addition of an optical cavity and an anti-reflection coating, detection efficiencies as high as 67% and 57% were obtained at wavelengths of 1064 and 1550 nm, respectively. 130 
Metal and Metal-Dielectric Nanowire Photodetectors
Another unconventional NW photodetector concept makes use of metallic NWs with diameters of few nanometers. Giant photoconductive increase (∼100) has been observed in Au NWs with small restrictions when illuminated by light pulses, 136 an effect that would be totally unexpected in metals. Moreover, the conductance in these systems was found to increase by quantized increments upon pulsed illumination, with rise and relaxation times after photoexcitation of the order of milliseconds. Although the origin of these observations is not completely understood, they were tentatively attributed to an increase in NW diameter under illumination due to local heating. Large diameter metallic NWs, in which the conductance is still quantized, can accommodate a larger number of modes and thus sustain larger currents. Recently, photoinduced voltage has also been observed in macroscopic bundles of Ag core/Ni shell NW heterojunctions. 137 This type of NW photodetector schemes may prove useful in conjunction with plasmonic elements for nanophotonic applications. Metal-dielectric NWs, such as "peapod" systems in which metal nanoparticles are embedded in dielectric NWs can also be utilized for light sensing applications. For example, Au nanoparticle embedded in silica NWs have shown large photoresponse at photon energies resonant with surface plasmon polaritons. 138 
NANOWIRE POTODETECTOR APPLICATIONS
So far we have described how NWs are utilized as building blocks for different photodetector concepts, and how their geometrical, material, and low-dimensional properties allow achieving unique sensitivity and functionalities. In the following we will present some applications that we have identified, in which NW photodetector may offer unique advantages over their thin-film or bulk counterparts, namely optical intrachip interconnects, singlephoton detectors, and image sensors.
Optical Intrachip Interconnects
The extremely large internal gain achievable in NW photodetectors could be exploited for emerging applications such as optical intrachip interconnects. To minimize clock skew, electrical impedance mismatch, and switching energy-per-bit for multi-core processors, it is paramount to achieve high-sensitivity on-chip photoreceivers that consume minimal power. 139 For example, assuming a capacitive load of 10 fF, the energy-per-bit for intrachip interconnect would be 10 fJ/bit. This number suggests that it will take 6 × 10 4 electrons to charge up the capacitor to 1 V. To achieve a data rate of 10 Gb/s with a PIN diode with 60% quantum efficiency and operating wavelength of 1550 nm, the detector would need to be irradiated with 10 5 photons in 100 ps. This corresponds to a sensitivity of about −10 dBm or 0.1 mW optical power, which is nearly 10 dB worse than the state-of-the-art telecom 10 Gb/s PIN-FET receivers and 17 dB worse than the APD receivers. However, these are not practical for intrachip interconnects due to the high power consumption required for amplification or the high operating voltage. With a low mobility material such as ZnO with 2 m electrode spacing, we have measured a GB product of 3-6 GHz, 31 and sub-nanosecond photocurrent relaxation times have been shown. 31 140 For high mobility NWs such as InGaAs and Ge with a shorter electrode spacing (0.2 m), the carrier transit time would reach sub-picoseconds, and the GB product 500 GHz to 1 THz. At 10 Gb/s operation, NW photodetectors could then allow achieving gain of 50-100, yielding −25 to −30 dBm receiver sensitivity, which is commensurate with the state-of-the-art APD receivers but at a lower operating voltage of <1 V. NW photodetectors with extremely high internal gain and gain bandwidth product are therefore very attractive to achieve amplifierfree, high sensitivity receivers and save power consumption and real estate of postamplifiers in optical intrachip interconnects. In addition, NW detectors can reduce thermal noise and, at the same gain and current level, operate at a much lower voltage than avalanche photodetectors.
Single-Photon Detectors
The extremely large photosensitivity of NWs could ultimately enable single-photon detection. As discussed in Section 3, sensitivity of ∼75 photons has been already demonstrated in NW APDs at room temperature, 18 and single-photon sensitivity was achieved in superconductor NWs operated at T < 4 2 K. [129] [130] [131] [132] [133] [134] [135] In the following we will evaluate the possibility of achieving single-photon response in NW photoconductors, considering the p-Si NW phototransistor described in Section 3.2 as a model system. In this case, the transient response due to a single carrier generation can be derived by solving the following system of coupled rate equations, where an impulse term is added to the free hole and electron generation rates: 
To solve these coupled differential equations, one can take the Laplace transform to linearize the system, and solve for P f s , P t s , and N s with the assumptions that, in the frequencies of interest, electron trapping is fast (i.e., n s 1 , hole emission is slow (i.e., e s 1 , and the number of trapped holes is much larger than the number of electrons (i.e., P t 0 N 0 and P t 0 1 . After taking the inverse transform, the transient behavior resulting from the impulse response is:
Here we have neglected the n t term as we are interested in the current produced by the single carrier generation, and the electrons have a negligible contribution due to their fast trapping time. From Eq. (33), it is seen that the number of trapped holes does not significantly change upon a single carrier photogeneration event. This is reasonable considering the large number of holes already trapped at the surface. Thus, the change in current due to the single carrier generation would be:
As a result of a single carrier generation in the NW, the instantaneous current change shows an exponential decay with a lifetime of the average capture time constant of holes. This plays an important role in actual measurement of such a response, where current is averaged over the integration time T . Therefore the measured current becomes:
For sampling times much longer than the hole capture time, the current increase due to a single photocarrier generation event is greatly reduced. To observe single photon response, the signal to noise ratio (S/N ) must be greater than one. The noise of the photocurrent is dominated by generation-recombination noise and can therefore be written as:
Here B = 1/2T is the bandwidth of the measuring system. We have assumed that the excess noise from gain fluctuation and the thermal noise are negligible due to the high impedance of our device, and the shot noise is small compared to the generation-recombination noise. Notice that the coefficient for the generation-recombination noise term has been modified from the usual value of 4 in a two carrier system to a value of 2 since in our device only the majority carriers contribute to the current, and therefore to the noise. The signal to noise ratio for single-photon detection under the condition T c can be obtained using Eqs. (25) and (34) (35) (36) (37) , and the approximation n P f 1:
The approximation in Eq. (38) holds when the nanowire detector is depleted P f 1. Nanowire depletion is a particularly important requirement for single-photon detection, otherwise the signal to noise ratio can fall well below unity. Single photon resolution is therefore achievable in theory, provided that the integration time T is comparable to the hole capture time c . From Eq. (37), the maximum signal to noise ratio for single photon response is about 7 when T ∼ c . For Si nanowire detectors fabricated in our laboratories, we have a hole transit time of h ≈ 5.7 ns, and a hole capture time of c ≈ 200 s, as estimated from the value of gain (G PT ∼ 3 5 × 10 4 . This leads to the maximal single-photon sensitivity at around 2.5 KHz, provided the predominant noise is generation-recombination noise represented by Eq. (37).
Image Sensors
The large photosensitivity of NWs combined with their potential for dense spatial integration make them also interesting for image sensors based on new concepts. 141 Any of the NW photodetector architectures described above could be in principle utilized to this end, provided that NWs could be consistently organized in ordered arrays and selectively addressed. Hence, the major challenge for the advancement of this technology is the precise positioning of NWs in desired locations and their integration with the pixel driving circuitry on a large scale. Besides direct patterned NW growth, 142 other techniques that can be used to transfer NWs with controlled positioning and alignment on host substrates include the Langmuir Blodgett method, 143 144 dielectrophoresis, 59 75 120 121 145 microfluidic alignment, 18 the "bubble-blow" technique, 146 dry transfer (or contact printing), [147] [148] [149] image acquisition capabilities at low-illumination conditions could be demonstrated with this device. 150 Alternative NW image sensor concepts, in which heterogeneous circuitry is formed either before or after transferring the NWs from the growth to the host substrate are rapidly developing. The main advantage of these schemes is allowing integration of NWs of different materials, thus allowing various combinations of spectral sensitivity (e.g., for UV, VIS or IR image sensors that are blind to unwanted photon energies, or RGB discrimination for color imaging) and optoelectronic properties (e.g., integration of highmobility III-V compound semiconductors on Si). Preliminary demonstrations of heterogeneous NW arrays for imaging applications have been reported. 18 149 As presented in Section 3.2, NW avalanche photodiodes made by the assembly of "crossed" heterojunctions have shown sub-wavelength spatial sensitivity (<250 nm) and ultrahigh sensitivity (∼100 photons). Moreover, an array of two "crossed" NW APD has also been realized by microfluidic alignment, showing that the two pixels could be addressed independently and without cross-talk. 18 A major step forward has been recently made by the demonstration of a relatively large (13 × 20) NW image sensor array by a combination of contact NW transfer and standard photolithographic techniques. In this work, CdSe single NWs or NW arrays were used as highly sensitive photoactive elements, while high-mobility core-shell Ge/Si NWs were used to assemble active FET amplifiers. A contrast map of a focused light beam was obtained from the 13×20 array of NW-based active pixels, clearly demonstrating the potential of these NW circuit matrix for image sensing applications. 149 In view of realizing large-scale, ordered NW photodetector arrays, in which the absorption properties can be tailored by design (see Section 2.2), nanoimprint lithography (NIL) is one of the most promising methods since it can reduce both processing time and cost while granting nanometer-scale feature resolution and high yield. NIL can be employed for the fabrication of vertical NW photodetector arrays, either via the top-down (etching) method or the bottom-up (metal catalyzed or selective area) chemical NW synthesis. 151 152 The process involves physically pressing a mold (usually defined by electron-beam lithography), with the pattern to be imprinted, onto a resist. This creates a three-dimensional topography of the pattern in the resist. The resist is then cured by either UV or thermal methods and, once separated from the mold, etched until the thinner regions are completely removed. An example of the etch-mask and Si NW array obtained in our laboratories by the NIL method is shown in Figure 8 . Experiments to integrate these NW arrays into functional circuits in which NWs are addressed individually are undergoing. Being also compatible with standard CMOS processing, we believe this technology holds great potential. 
SUMMARY AND CONCLUSIONS
In summary, we have given a broad overview on different NW photodetector concepts and their possible applications. We have shown that, from simple NW photoconducting devices to more complicated NW photodetector architectures, one-dimensional or quasi-one-dimensional nanostructures offer several advantages over their bulk or thin-film counterparts, specifically: (i) Dense device integration and sub-wavelength spatial resolution; (ii) Reduced optical losses due to enhanced light scattering and enhanced light absorption in vertical NW arrays; (iii) Discrimination of light polarization; (iv) Large photosensitivity due to internal photoconductive or phototransistive gain; (v) Possibility to integrate functionality within single NW devices (e.g., photodiodes, APDs etc.); (vi) Heterogeneous integration of NWs and substrates of different materials for enhanced or specific spectral sensitivity; (vii) Possibility to develop novel photodetector concepts based on one-dimensional effects (e.g., superconductor and metallic NW photodetectors).
Although this review does not claim to be exhaustive of the entire literature related to NW photodetectors (we apologize for those articles that we may have inadvertently omitted), we hope it could give a sense of the substantial body of work that was done in this field. We believe that NW photodetectors are extremely interesting from both, a fundamental and a technological perspective. From the scientific point of view, NW photodetector research is highly interdisciplinary, and involves the physics of lowdimensional nanostructures, materials science, and device engineering. From the practical point of view, NW photodetectors are becoming a mature technology, and we foresee their emergence in applications for light detection and imaging, signal processing, and biological or chemical photometric sensing.
